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implementation with present-day technology. 
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I. INTRODUCTION 

Entangled states are an essential resource for quan- 
tum information applications. Recently, the equivalence 
under stochastic local operations and classical communi- 
cation (SLOCC) was successfully used to classify multi- 
partite entanglement [TJ |5J [31 H]. This classification 
is particularly relevant for evaluating the use of states 
for multi-party quantum communication as states of the 
same SLOCC class can be employed for the same applica- 
tions. Therefore, the experimental realization of different 
SLOCC-inequivalent states is highly desirable. 

So far, several SLOCC-inequivalent states have been 
realized in various physical systems. The biggest vari- 
ety of states was observed in experiments that rely on 
photonic qubits (e.g. [5]). However, typical for this ex- 
perimental approach is its inherent inflexibility. The de- 
sign of the necessary optical network is especially tailored 
to the particular state that should be observed. Con- 
sequently, once a particular network is built it will not 
offer, in general, the choice between different SLOCC- 
inequivalent states. Recently, a linear optics experiment 
was performed that broke with this inflexibility JSJ by 
allowing the observation of an entire family of SLOCC- 
inequivalent four-photon entangled states. Essentially, 
this was achieved by multi-photon interference. 

Here we show that projective measurements on subsys- 
tems can provide another means of preparing SLOCC- 
inequivalent classes of entangled states. It is well 
known that atomic entangled states, even from differ- 
ent SLOCC-classes, can be remotely prepared by projec- 
tive measurements on photons [3 |S], which previously 
have been entangled with the atoms, i.e., by a measure- 
ment of typically half of the total multi-partite entan- 
gled state. Here, in contrast, we focus on the property 
of certain symmetric multi-partite entangled states that 
allow a more flexible preparation of families of SLOCC- 
inequivalent types of entanglement by projective mea- 
surements on small subsystems. The initial n-qubit sym- 
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metric states can be observed in linear optics set-ups that 
distribute n photons of a single spatial mode to n differ- 
ent output modes. Subsequent projective measurements 
on these n-qubit states will yield states belonging to dif- 
ferent SLOCC classes. We focus in the following on the 
case of n = 4 and n = 5 and demonstrate that our ap- 
proach can be realized by using a single linear optical 
set-up only. 

The paper is structured as follows. In Section |ll] we 
discuss the effect of projective measurements on partic- 
ular symmetric states. We begin our investigations with 
SLOCC-inequivalent three-qubit states obtained from 
the four-qubit symmetric Dicke state with two excita- 
tions Iff^) m Uni EI]- Further, we show how to 
obtain SLOCC-inequivalent four-qubit entangled states 
like, e.g., the states \GHZi), \Wi) and even \D\ '), 
via projective measurements on five-qubit states, which 
are given by superpositions of two symmetric Dicke states 
[12] . In Section III we will discuss the experimental im- 



plementation of the proposed schemes. We recapitulate 
the experiment of Ref. [TUj that lead to the observation 
of I D\ ' ) and discuss the feasibility of an extension in 
order to observe the five-qubit states. 



II. PROJECTIVE MEASUREMENTS ON 
PARTICULAR SYMMETRIC STATES 

In their seminal work Diir et al. [2] discovered that 
only two SLOCC-inequivalent classes of genuine tri- 
partite entanglement exist: the GHZ and W class. Well 
known representatives of these classes are the states 
IGiJZa) = 1/V2{\HHH} + \VVV)) and | W^g ) = 
l/V3i\HHV) + \HVH)+ \VHH)), respectively. We 
utilize the notation for polarization encoded qubits 
throughout this work, e.g. \HHV) = \H)a ® \H)b «> \V)c 
and \H) or \V) mean linear horizontal (H) or vertical 
(V) polarization of photons, respectively, and the sub- 
script denotes the spatial mode of each photon. In con- 
trast to the three qubit case, the SLOCC classification of 
four-partite entangled states is much richer, containing 
infinitely many SLOCC-inequivalent four-partite entan- 
gled states 131 [T3I. 
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TABLE L Three-qubit states obtained by a single projective 
measurement on the state | D^^^ ), cp. Eq. [l] 
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In the following we show that via projective mea- 
surements on particular symmetric states, SLOCC- 
inequivalent entangled states of a lower qubit number can 
be obtained. To this end, we consider particular members 
of the family of symmetric Dicke states [9J. Generally, a 
symmetric A'^-qubit Dicke state with ni excitations, de- 



noted as I ), is, again in the notation of polarization 
encoded photonic qubits, the equally weighted superpo- 
sition of all possible permutations of iV-qubit product 
states with m vertically and N — m horizontally polar- 
ized photons. 



A. Projections of the four-qubit Dicke state | D^^ ) 

First, we aim at obtaining states from the two inequiv- 
alent tri-partite entanglement classes by applying pro- 
jective measurements on a four-qubit entangled state. 
The symmetric Dicke state jl^f^) = -^{\HHVV) + 
\HVHV) + \ VHHV) + \HVVH) + \ VHVH) + \VVHH)) 
turned out to be useful for this purpose [10]. Here, we 
will analyze in more detail which three-qubit states can 
be obtained. 

Generally, an arbitrary projective measurement can be 
expressed by P( a', e') :— | a', e' )( a', e' | with \a',e') = 
a' 1 7? )-h/3'e"' | V ) (all parameters real and a'^+Z^'^ = 1). 

The projection P{a' applied on 1134 ) leads to the 
three-qubit states 



\D. 



(!)• 



(1) 



which are arbitrary superpositions of the two entangled, 
symmetric three-qubit Dicke states (Tab.|l|. 

To analyze the entanglement of the states we choose 
as a suitable entanglement measure the three-tangle 
[H] , which distinguishes the W and GHZ class as only for 
GHZ type entangled states T3 is non-zero [2\. The solid 
line in Fig. [l] shows T3 for the states of Eq. [l] in depen- 
dence of 9' {a' = cos 9'). It is found that the three-tangle 
is zero for 0' = 0, 7r/2 {a' = 0,1), which corresponds to a 
measurement in the computational basis. There, we ob- 
tain states from the W class, namely | W3 ) = | Dg^"* ) and 

IW3) = l/Vl{\VVH)+\VHV)+\HVV)) EE ), 
respectively. For all other values of 9' , T3 ^ implying 




FIG. 1: Three-tangle rs for the states of Eq. [T] without 
(straight) and with (dashed) application of the transforma- 
tion T+ (g) T+ (g) T+ (where a' = cos 6' and e = 0). 



that these states belong to the GHZ class. The maximal 
value of r3 — 1/3 is obtained for 9' — 7r/4 correspond- 
ing to a measurement in the (±)-basis, where | ± ) = 
l/V2i\H) ± \ V)). For 9' = 7r/4 and e' = 0,7r one ob- 
tains the G3 states [IS] with | ) = ;^( | Vl^a ) -t- 1 1^3 )) 
and I G3- ) = ^( 1 1^3 ) - 1 1^3 )), respectively. 

The G3 states can be transformed directly into the 
GHZ3 state, which has the maximal possible three-tangle 
T3 = 1, via the stochastic local operations (local filtering) 



= H i((-^ + .).i + (-^-.)... 



where <Jy and are the Pauli spin matrices and Ti 
is the Hadamard transformation, in the following way: 



{T^®T^®T^) IG3 



GHZ-, 



GHZ. 



(2) 



Though these operations perform the desired transfor- 
mation, they only do so with a success probability of 
1/9. Fig. [1] shows the three-tangle when the operation 
T+®Tj^®T+ is applied successfully to all states of Eq. [l] 
For 9' — 7r/4 the three-tangle is indeed increased to its 
maximal value of r3 = 1. 



B. Projections of superpositions of five-qubit Dicke 

states 

Extending the idea described before, SLOCC- 
inequivalent four-partite entangled states can be ob- 
tained from suitable five-qubit symmetric states via pro- 
jective measurements. Here we consider an arbitrary su- 
perposition of the two symmetric five-qubit Dicke states 



and \D 



(3). 



(2)' 



(3)' 



(3) 



We note that these states can also be seen as a natu- 
ral choice as they are obtained via a single projective 
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measurement on the six-qubit Dicke state | Dg ) . The 
states I A5 ) belong to two different SLOCC classes. The 
first class occurs for a = or /? = 0, as the states 

(2) (3) 

I D'^-^' ) and I D);" ) can be transformed into each other 
by spin-flipping all qubits. The second class is given 
for a 7^ and /3 7^ 0. The weighting and phase be- 
tween the terms of | A5 ) can be changed easily via the 
SLOCC-operations X'^^ = % ® % ® % ® % ® % with 
% = [{l + l/r)t + (1 - l/r)cr^]/2 and_r ^ complex. To 
obtain a new ratio of parameters a/{Pe^'^), r needs to be 
chosen as fJae'"'^ / {f3ae^'^) . Note that this reasoning could 
also be applied for the states of Eq. [l] 

A single projective measurement P{a',e') applied on 
I -^5 ) yields the four-qubit entangled states 



(1)' 



IA4) (X aP'e-""' \D^ 

+ {aa' + (3P'e''-'-'">' 



a'(3e'' I D 
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These states are superpositions of all symmetric four- 
qubit entangled Dicke states. In particular, these su- 
perpositions contain the SLOCC-inequivalent family of 
states /Lt(a, a', e, e') | GHZ^ )+v{a, a', e, e') | L»f ^ ) (for de- 
tails see [IS]), which forms according to the SLOCC- 
classification by Verstraete et al. [3| a subset of the four- 
qubit entangled generic family Gabcd- In the following 
we discuss prominent SLOCC-inequivalent states of the 
family Eq. |4] (see also Tab. |ll|. 

Remarkably, we obtain a four-qubit GHZ4 state. This 
can be easily seen when we consider the state | GHZ^ ) = 
1 /V2{ I HHHH ) - I WW )) under a Hadamard trans- 
formation Ti acting on each qubit: 



\GHz+) = in®n®n®n)\GHZi 
= -L(|i?W)+ li^f )). 



We get 



\GHZ+' 



(2) 

when the amplitude of | D\ ) is zero 



and the two remaining terms in Eq. [4] are equally bal- 
anced, i.e. the conditions (i) aa' = — /3/3'e*^'~'^ and 
(ii) a(3'e~^'^ — a'/3e" are fulfilled. This holds only 
for a = /3 = a' = /?' = \/^/2 and e = -e' tt/2 
or — e — e' — 7r/2. When we impose only condition 



\D, 



(2)' 



i.e. the amplitude of 1 
a = Vl — ck'^ and Ae — e 



(i) 
for 

n e {0,1,2,...}] 

states I W4 ) {a - 
and I VF4 ) (a = 0) can be achieved 



is zero [which holds 
e' = (2n + Dtt for 



Four-qubit entangled states obtained from the 
I A5 ) by a single projective measurement, cp. Eq. HI 



TABLE II: 
states 

In analogy to Eq.jsjthe states cos '^Q \ D\^' ) ~ sm^Oe^"' \ Df ) 
belong to two SLOCC classes given by [i] 6 = Q or 6 = ii/2 
and (ii) 9 £ (0,7r/2) with e arbitrary. 
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These are all permutation symmetric three-qubit states 
[17] . In particular, we note that a GHZ^ state can be 
obtained directly without the need for local operations. 
To show this, we consider | GHZ;^ ) = 1 / V2( | HHH ) - 
I VW)) under a Hadamard transformation Ti. acting on 
each qubit: 



I GHZi 



n)\GHZ, 
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" = I ancl e = -e' = tt/2. 
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III. EXPERIMENTAL IMPLEMENTATION 



The states | Dl ' ) and | Ag ) are permutation symmet- 
ric. Hence, their experimental implementation can be 
achieved via a symmetric distribution of photons. For 

(2) 

the observation of the state | ) the necessary four 
photons originate from the second order emission of a 
coUinear, type II spontaneous parametric down conver- 
sion (SPDC). For observing the states | A5 ) we will con- 
sider different experimental implementations, which are 

(2). 



a continuous transition between the extensions of the | > set-up 
1), I GHZf ) (a = ^/Tj2 and Ae = tt) 



Further, three-qubit states are obtained by performing 
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Fig. [2] shows one of the possible set-ups for the states 

I A5 ). As can be seen, the set-up for observing the state 

(2) (2) 
|I?4 ) is at the core of it. The state \D\ ) was ob- 
served after a symmetric distribution of two horizontally 
and two vertically polarized photons, initially in a sin- 
gle spatial mode s, onto four spatial modes (a, b, c, d) via 
three polarization-independent beam splitters (BS). The 
photons originate from a /3-Barium borate (BBO) crys- 
tal in a type II, coUinear SPDC process, which emits the 
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FIG. 2: (Color online) Schematic experimental set-up for the 
observation of the state | D^^'' ) (innermost section, dashed 
frame). The weak coherent beam, the 4:1 beam splitter as 
well as the detection in an additional mode e are needed for 
the proposed experimental implementation of the five photon 
states I As ) (details see text). 
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FIG. 3: (Color online) Experimental density matrices for the 
measured Ws (a) and Ws (b) states. The density matrices 
for the GHZs states of (c) and (d) are calculated from the 
measured Gg and states. Displayed is the real part of the 
corresponding density matrix. 



where Si^ is the creation operator for a photon in mode 
s having polarization i e {H, V}, \ vac ) is the vacuum 
state, Zdc = l^dcle*^'^'''' with |zdc| = tanhr and t de- 
pends on the pump amphtude and the couphng between 
the electromagnetic field and the crystal (r <C 1). The 
probability to create a single pair is (1 — |zdcP)|2dcP• 
Here, we are interested in the second order emission 
oc (s|^sl/)^ |vac). 

The BBO crystal was pumped by a frequency-doubled, 
femtosecond, mode-locked Ti:Sapphire laser. The spa- 
tial mode s of the photons is defined by coupling into 
a single mode (SM) fiber. The photons pass an inter- 
ference filter (IR) reducing their spectral distinguishabil- 
ity. The polarization state of each photon is analyzed 
via a polarizing beam splitter (PBS) preceded by a half- 
wave- (HWP) and quarter- wave plate (QWP). Finally, 
the photons are detected by fiber-coupled single photon 
detectors. The experimental state was observed under 
the condition of detecting a photon in each of the four 
spatial modes (a, 6, c, d). 

We found a fidelity of Fexp = ( -Oi'^ | Pexp | > = 
0.844 ± 0.008 to the state |Df ^ ). Using a generic en- 
tanglement witness W [5D], where we use the short- 
hand notation W{^,a) = al- \ ^)(^ | with a = | 

and I ^' ) = 1 ) , genuine four-partite entanglement 

of pexp was verified: Tr[yV(£)f \ f )poxp] = | - F^xp = 
— 0.177 ± 0.008. A value < is sufficient to prove gen- 
uine four-partite entanglement |20j . Further, by using 
the state-discrimination method described in |21j we were 
able to exclude W- and Cluster-type entanglement for the 
experimentally observed state. 



For demonstrating that we can experimentally access 
states from both inequivalent tri-partite entanglement 
classes we performed a full state tomography to recon- 
struct the density matrices of the respective states. A 
projection measurement of the photon in mode d in the 
computational basis yields the W3 states characterized 
by the density matrices shown in Fig.|3];a) and (b). We 
calculated fidelities of 0.882 ± 0.015 and 0.835 ± 0.015 
to the theoretical states | ) and | ) , respectively. 
Their genuine tri-partite entanglement is verified via 
the entanglement witnesses >V(W3, |) and yV(W^3, |) 
[20], where we determined values of— 0.215±0.015 and 
-0.168 ±0.015, respectively. 

A measurement in the (±)-basis yields G3 states, which 
belong to the GHZ class. If we apply the correspond- 
ing transformations (see Eq. [2]) on the measured density 
matrices we indeed obtain GHZ3 states, see Fig. ^c) 
and (d). We determined fidehties of 0.719 ± 0.022 and 
0.733±0.024 to a GHZ3 state, respectively. An entangle- 
ment witness detecting genuine tri-partite entanglement 
of these states is WiGHZ^, i) [20 . We find the negative 
values of -0.219 ±0.022 and -0.233 ±0.024, respectively. 
A witness that further excludes W type entanglement 
is given by W{GHZ3, f ) [22]. The transformed GHZ3 
states do not fulfill the witness's entanglement condi- 
tion. However, by applying local filtering operations on 
this witness [23] we obtain values of —0.033 ± 0.026 and 
—0.029 ± 0.023, respectively, which finally proves GHZ- 
type entanglement with a significance of one standard 
deviation. 



5 



B. Towards | As ) 

1. Implementation 

For observing the states | A5 ) different implementa- 
tions are possible. One possibility is given by the applica- 
tion of a projective measurement on the state \Dq ) (see 



Section II B I , where the necessary six photons originate 
from the third order SPDC emission. However, when 
implementing the state | A5 ) directly only five photons 
are necessary and, thus, a higher count rate should be 
possible. These five photons can be obtained by super- 
imposing the four photons from the second order SPDC 
emission with an additional photon. The polarization of 
the additional photon determines the parameters a, (3 and 
e in Eq. |3] In the ideal case, the additional photon is ob- 
tained from a single photon source (see e.g. [23J|2S]) that 
acts on demand and matches the SPDC photons spec- 
trally, temporally and spatially. However, to our knowl- 
edge, no such source exists. Alternatively, an heralded 
SPDC source [25] can be employed, which results in prac- 
tice in low count rates, since again six photons have to 
be detected in total. Instead, we investigate whether the 
single photon source can be substituted by a weak coher- 
ent beam (WCB) [27], i.e., whether this simplification 
influences the state quality. 

This implementation is based on the set-up use d for 
observing the state | D\ ' ) described in Section III A 
(Fig. |2|. The WCB can be derived via a beam split- 
ter [and additional attenuation via optical density (OD) 
filters] from the Ti:Sapphire laser, which also pumps the 
BBO crystal for the SPDC process after a frequency dou- 
bling stage. The polarization of the WCB can be set ar- 
bitrarily via a polarizer, followed by a HWP and QWP. 
These settings determine the parameters a, (3 and e in 
Eq. [3] A delay line in the WCB allows to adjust the 
temporal overlap with the SPDC emission. The photons 
of both sources are overlapped coUinearly in the BBO 
crystal and coupled in the same single mode fiber. They 
are symmetrically distributed onto the modes (a, &, c, d, e) 
via a beam splitter with 4:1 splitting ratio and further 
sphtting as described in Section [III A[ 



2. Weak coherent beam: effects 

The state of the WCB that substitutes the single pho- 
ton source is [55] 

00 / Nil 

|vi;„)^e-l-lV^.5:i^(^nvac), (7) 



where is the creation operator of a photon with po- 
larization j in mode w, — jzwle**^", |zwp is the mean 
photon number and the probability for the 

photon state 1 1 ) . The photons of the WCB and the 
SPDC originate from the same laser, i.e., the Ti:Sapphire 



laser, but travel different paths before they are coupled 
into the same single mode fiber. As only their relative 
phase is relevant, we set for the following considerations 
i'dc = 0, without loss of generality. In the experiment 
the relative phase fluctuates without an active stabiliza- 
tion of the relative delay of the WCB and SPDC pho- 
tons. Further, the WCB compared to a real single photon 
source exhibits higher order terms resulting in multiple 
photons per pulse. We note that the phase dependence 
and the higher order terms have a much smaller influ- 
ence if an heralded source is employed, of course, with 
the disadvantage of requiring, effectively, a six-photon 
down conversion experiment. 

We will now demonstrate effects caused by using the 
WCB. First, we observe quantum interference, which oc- 
curs when there are at least two indistinguishable possi- 
bilities that lead to the same detection event. In our case 
this becomes already observable when we consider only 
two photons. There, the following two possibilities exist: 
Two photons originate either from the SPDC emission or 
the WCB. To show the interference let us assume a left 
circularly polarized WCB, whose two-photon term is 



, 2 



/2. (8) 



For a coherent overlap, i.e. 



the last term of 



Eq. [8] is identical with the first order SPDC emission 
(oc s^Sy). Hence, for the two-fold coincidence detection 
event HV, both possibilities contribute and interfere in 
dependence on 0w This is shown in Fig. |4][a). When 
we change the path difference between the photons of 
both sources we observe an oscillation in the coincidence 
count rate on the order of the wavelength (< fim), which 
is due to the change of (jy^j. The exact modulation is 
unresolved as was not actively stabilized. The width 
of the envelope of that interference is on the order of the 
coherence length of the photons (~ lOO^m). It indicates 
the spatial region for which the mode overlap is different 
from zero. 

Furthermore, we can observe bosonic enhancement 
(cloning [2211301121]), i-e., stimulation of the SPDC emis- 
sion, which appears independent of the employed sin- 
gle photon source and enhances the total count rate. 
This enhancement is visible for, e.g., a horizontally po- 
larized WCB as input and registration of a three-fold co- 
incidence of HHV, Fig. Qb). The single photon term 
of the WCB (cx u)]^) and the first order emission of 
the SPDC (oc slfSy) lead incoherently overlapped to oc 
wl^s^jSy I vac 



\HV\ 



In contrast, a coherent 
superposition yields oc (s^)^Sy|vac) — \/2\HHV)^, 
hence, an increase by a factor of two in the count rate 
due to the bosonic enhancement [32 . This effect oc- 
curs on the order of the coherence length of the photons 
(w 100/im). In the experiment we observe an enhance- 
ment of 1.52 ±0.03. We attribute the deviation from the 
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FIG. 4: Coherence between the weak coherent beam and 
the SPDC photons, (a) Interference of the two possibihties 
how to obtain an HV coincidence, (b) Enhanced emission 
(cloning) due to bosonic nature of photons. The sohd hue 
shows a Gaussian fit to the data points giving an enhancement 
of 1.52 ±0.03. 



expected value of two to higher order emissions of the 
WCB and the SPDC, which add an offset to the three 
photon count rate. 



3. Fidelity of the states \ GHZ^ ) and \ W4 ) 

In the following we give a quantitative estimate of the 
influence on the quality of the desired four-photon states 
when a WCB is used instead of a single photon source. 
To this end two effects have to be considered leading to 
the observation of imperfect states. Firstly, the coher- 
ent superposition of different emission orders leads, in 
dependence on (j)^, to the observation of a different pure 
state. Secondly, higher order emissions cause an admix- 
ture of correlated noise. The first effect can be analyzed 
when considering all terms from Eq. |6] and Eq. [7] that 
contribute directly to five photons (yielding the state on 
which a projective measurement is applied): 



oc - |zdcnzw|e**"w;](44)72 
+ ikdc|kwpe'''^'u;]'(44)/6 
+ |zw|'e'''^'w;f/120. 



(9) 



Only the first term is necessary to observe the state 
I A5 ) . The other terms significantly modify the desired 
state. 

Exemplarily, we calculate the fidelity to the ideal 
GHZ^ and W4 states when the photons from Eq. [9] are 
symmetrically distributed onto five spatial modes and the 
respective projective measurement is performed. We ob- 
tain 

Fw, = l/[l + |zw|V(9Ndcn], 



F , = 1 ^ 

2 + 36^-12^cos(2</>w)' 

see Fig. [sja) and (b). Both fidelities are better than 
> 0.99 for l^wl < 0.2, whereas for higher \z^\ the fidehty 
decreases rapidly. This is the case as with increasing 
|zw| the second term of Eq. [9] grows relatively stronger 
than the first term and, thus, spoils the state quality. 
Obviously the relative phase 0w becomes only relevant 
for F(j^^+. There, the highest fidelity values are found 

for 0w = 7r/2. 




FIG. 5: (Color online) Calculated fidelity of W4 (a) and 
GHZf (b) states when considering only five photon contri- 
butions (Eq. [9]). Calculated fidelity of W4 (c) and GHZ+ 
(d) states when considering also six photon contributions. 
All calculations assume a strength of the SPDC source of 
2dcl ~ 0.17, which we experimentally observed for our set- 
up. 



A second effect causes the admixture of correlated 
noise, which reduces the fidelity. This admixture is pro- 
duced by the detection of additional five-fold coincidences 
that originate from six or more photons (higher order 
emissions from both, the SPDC and the WCB), where 
multiple photons are registered by the same detector or 
some photons are not registered at all. As this leads to 
additional noise, the quality of the observed states is de- 
pendent on the photon detection efficiency. For our set- 
up we determined an efficiency for the photon coupling 
to the single mode fiber of ?7c ~ g and a detection effi- 
ciency of 77d ~ I ■ For calculating the fidelity in that case 
these loss channels are accounted for by additional beam 
splitters with ancillary output modes |18j , where refiected 
photons are lost, and transmitted photons (with proba- 
bility rji) correspond to detectable photons. We consider 
for this calculation all photon terms of five photons (see 
Eq. |9| and the next higher order contribution from six 
photons, which are obtained from the multiplication of 
Eq. l6l with Eq. |7] The numerical results are shown in 
Fig.jSTc) and (d). The fidelity of the state | W4 ) reaches 
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its maximum of 0.776 for |zw| = 0.39 independent of 
For larger \z^\ the fidelity decreases due to the increase of 
the multiple photon terms of the WCB. For lower jz^j the 
fidelity decreases as the contribution from the third or- 
der SPDC emission constitutes the major source of noise. 
The fidelity of the state | GHZ^ ) reaches its maximum 
of 0.701 for \z^\ = 0.6. Again, it is phase dependent with 
maximal values for 4>vj = 7r/2. The dependence on \z^\ 
follows the same arguments as given for the W4 state. 

The calculations show that the fidelity of each state is 
still high enough to demonstrate, e.g., four-photon en- 
tanglement via an entanglement witness, as for the state 
I W4 ) ( I GHZt )) a fideUty larger than 0.75 (0.5) is suf- 
ficient for this purpose [23] ([33]). However, in the con- 
siderations so far we neglected other experimental imper- 
fections, like spectral distinguishability of photons. For 
pulsed type II SPDC it is known that the broad pump 
spectrum results in the generation of photons with par- 
tial spectral distinguishability [331 133, which leads to 
an additional reduction in state fide hty. For example, 

was observed 



III A 



(2'] 

the state | D\ ) described in Section 
with a fidehty of i^oxp = 0.844 ± 0.008"j0j! This fidehty 
value can be partly ascribed to higher order contributions 
of the SPDC emission, which give a reduction in fidelity 
of about 9% [3^. However, the missing 7% can be at- 
tributed to a remaining degree of distinguishability of the 
SPDC photons and non-ideal optical components. It is 
reasonable to expect that at least the same additional 
reduction of the fidelity in the proposed implementation 
occurs. Then, the fidelity for the state | W4 ) is below the 
threshold for proving four-partite entanglement directly. 

For this reason we suggest to use a (heralded) sin- 
gle photon source instead of a WCB in order to achieve 
higher fidelity values. The utilization of a single pho- 
ton source avoids on the one hand noise from higher or- 
der contributions of the WCB and therefore also phase- 
dependence of the state. On the other hand, even noise 
from the SPDC alone would become negligible as the 
heralding signal from the single photon source serves as 
a trigger for a valid detection event, and thus, the SPDC 
noise is suppressed. Alternatively, one could realize the 
state I Dq ) with photons coming from the third order 
SPDC emission, however, on the cost of introducing again 



SPDC higher order noise. Both alternative implementa- 
tions demand new and stronger photon sources, which 
are currently being developed. 



IV. CONCLUSION 

We have demonstrated possibilities for the observation 
of SLOCC-inequivalent families of three- and four-qubit 
entangled states. They are based on the property of 
the states | D\ ' ) and | A5 ) to allow access to different 
classes of quantum states via projective measurements 
on single qubits. 

We experimentally demonstrated that indeed all types 
of three-qubit entangled states can be obtained from 
\D\ '). We presented a scheme how the states | A5 ) can 
be observed experimentally. As this requires the use of an 
additional photon, it still poses a considerable challenge 
when reasonable count rates are to be achieved. We could 
demonstrate that the most simple approach, i.e., sub- 
stituting the single photon with a weak coherent beam, 
leads to a drastic reduction of the state quality. Yet, we 
identified two alternative possibilities to realize the pow- 
erful scheme we presented, which both seem achievable 
in the near future. 

Altogether our scheme is an alternative method [6] |8] 
for the observation of many different multi-partite entan- 
gled states. We are optimistic that sources for the obser- 
vation of the presented states will soon be available and 
that schemes relying on the same kind of approach will 
allow the observation of many other interesting quantum 
states in the future. 
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